We propose a theory of interference contributions to the two-dimensional exciton diffusion coefficient. The theory takes into account four spin states of the heavy-hole exciton. An interplay of the single particle, electron and hole, spin splittings with the electron-hole exchange interaction gives rise to either localization or antilocalization behavior of excitons depending on the system parameters. Possible experimental manifestations of exciton interference are discussed.
I. INTRODUCTION
Excitonic effects play crucial role in optical properties of semiconductors and semiconductor nanosystems [1, 2] . Exciton energy spectrum and wavefunctions determine the fine structure of optical absorption spectra and selection rules for optical transitions. Manipulations of excitonic states by external electric and magnetic fields, elastic strain, etc., pave way to control optical properties of semiconductors. That is why excitonic effects in bulk materials and in low-dimensional semiconductor structures are in focus of research for several decades.
Recently, a special interest has formed to collective and coherent phenomena in the systems with two-dimensional excitons [3] [4] [5] . In asymmetric single or double quantum well structures photogenerated electrons and holes are separated in the real space, which strongly reduces an overlap of the electron and hole wavefunctions without significant reduction of the exciton binding energy. Such excitons are termed as indirect or dipolar. The spatial separation of electrons and holes results in long lifetimes of the excitons and allows one to observe a number of fascinating effects, e.g., extended spatial coherence [6] . Measurements of transport properties of neutral excitons require, as a rule, elaborate experiments [7] [8] [9] . The transport effects can be accessed in the structures with indirect excitons, recent works have revealed nontrivial spin patterns and spin transport [10, 11] as well as intricate interplay of excitonic drift and diffusion [12] .
The key parameter governing transport effects is the diffusion coefficient. It is determined by the properties of random potential experienced by excitons due to quantum well structure imperfections, impurities, etc., excitonic density of states and their distribution function. For excitons at low enough temperatures where excitonphonon interaction is negligible and whose mean kinetic energyε exceeds by far the collisional broadening /τ related with the disorder (τ is the scattering time) the dominant contribution to the diffusion constant is provided by random potential scattering. This classical contribution to the diffusion coefficient can be estimated as D cl ∼ετ /M , where M is the exciton effective mass in the quantum well plane and difference between quantum (out-scattering) and momentum (or transport) relaxation times is disregarded. The interference of different classical trajectories of exciton provides the quantum correction to the classical value of diffusion coefficient, δD ∼ ( /M ) ln(τ /τ * ) in two-dimensions. In the simplest possible case of spin-less quantum particle τ * τ can be associated with the phase coherence time or the lifetime, whichever is shorter, hence, δD is negative, the effect known as weak localization [13, 14] . In fact, the weak localization is inherently related with the coherent backscattering of quantum particles, as demonstated for excitons in bulk semiconductors back at 1970s [15] .
It is noteworthy that quantum correction to diffusion coefficient is extremely sensitive to the fine details of the energy spectrum and, in particular, to the spin dynamics [14, 16] . For example, in the case of electrons, spin-1/2 fermions, a sufficiently strong spin-orbit coupling results in the change of sign of the quantum correction to conductivity δσ, which is proportional to δD, resulting in the weak antilocalization [17, 18] . In electronic systems, δσ is particularly sensitive to the temperature and the external magnetic field strength [14] making it possible to extract the values of the spin splittings, phase relaxation times, etc., see Ref. [19] for review.
Excitons are composite bosons made of two fermions. Hence, on one hand, excitons demonstrate bosonic properties [3, 5] , while on the other hand exciton dynamics is governed by its fermionic constituents. The studies of quantum correction to the exciton diffusion constant are important to elucidate the role of fermionic spin degrees of freedom in the exciton transport. The detailed theory of quantum corrections to the exciton diffusion coefficient is absent. So far, the interference of excitons and excitonpolaritons in bulk semiconductors has been studied theoretically [15] (see also Ref. [20] ) and experimentally [21] neglecting the effect of exciton spin degrees of freedom on the interference. The theory of Refs. [22, 23] for quantum contributions to two-dimensional exciton diffusion disregarded spin degrees of freedom as well. The spin effects in interference of exciton-polaritons in planar microcavities were studied in Refs. [16, 24, 25 ] taking into account just two possible spin states of optically active excitons. For indirect excitons, however, bright and dark states are close in energy and all four excitonic spin states should be taken into account. Moreover, in the systems of indirect excitons, depending on the structure parameters, the exchange interaction between the electron and the hole forming the exciton and the single-particle spin splittings caused by bulk and structure inversion asymmetries can arXiv:1512.03413v1 [cond-mat.mes-hall] 10 Dec 2015 be comparable. The theory of quantum contributions to exciton diffusion constants is proposed here. An interplay between the two-particle exchange interaction and single-particle spin splittings is analyzed in detail. It is demonstrated that depending on the system parameters the excitons are expected to demonstrate either weak localization or weak antilocalization.
II. MODEL
We consider a two-dimensional quantum well structure grown from a zincblende lattice material where direct or indirect excitons can be formed. Figure 1 (a) sketches a wide quantum well in the electric field applied along the growth axis z
[001]. Depending on the electric field strength and confining potential, an overlap of an electron and hole envelope functions can be accurately controlled. The exciton is assumed to be formed of the electron occupying the ground conduction subband and the heavy hole occupying the topmost valence subband. We assume the Coulomb interaction between the electron and the hole to be strong enough to consider only the ground, 1s-like, state of the electron-hole relative motion. As a result, the relevant exciton states are labelled by the following quantum numbers p, the in-plane momentum of the center of mass motion, s e = ±1/2, the electron spin-z component, and s h = ±1/2, the heavy-hole pseudospin component. The states with s h = ±1/2 correspond to the |Γ 8 , ∓3/2 valence band Bloch functions. For such a convention, the electron and hole states with s e = s h transform in the same way at the operations of the point groups D 2d or C 2v relevant for the quantum well system under consideration. The functions with s e = ±1/2 and s h = ±1/2 form equivalent bases of spinor representations Γ 6 or Γ 5 for point symmetry groups D 2d and C 2v , respectively [26] [27] [28] .
Following the method of invariants we represent excitonic Hamiltonian in the form [28] [29] [30] 
Here we took into account only lowest possible powers of the momentum components, introduced the in-plane axes (i = x, y, z) acting in the space of corresponding basic spinors. Unit matrices are omitted. The exciton translational motion mass is M , the parameters α c (β c ) describe the contributions of the structure (bulk) inversion asymmetry to the individual carrier spin splitting, c = e for the electron and c = h for the hole. In Eq. (1) H exch stands for the Hamiltonian of the exchange interaction between an electron and a hole in the exciton,
where we took into account only momentum-independent contributions. The exchange interaction (2) leads to the splitting between optically active (bright) and dipoleforbidden (dark) doublets. In GaAs-based structures δ 0 > 0, i.e., the bright states have higher energy. In Eq. (2) we disregard the contributions δ x σ (e)
describing the fine structure of the doublets, since, as a rule, |δ x,y | δ 0 . It is worth mentioning that the same form of the spin splittings for electrons and holes in Eq. (1) as well as the sign of δ 0 term in Eq. (2) are related with the choice of the pseudospin represention for the hole states. We stress that linear-in-the-momentum terms in the heavy-hole Hamiltonian can be substantial and even exceed by far those for the electron [28, 31, 32] ; additional contribution to p-linear terms for exciton may result from cubic-in-the-momentum terms in the heavyhole Hamiltonian averaged over the relative motion wavefunction [33] .
The exciton Hamiltonian (1) is a matrix in the space of exciton Bloch functions |s e , s h . It can be also conveniently represented as a 4 × 4 matrix in the basis of states |m with m = s e − 3s h being the angular momentum z-component for exciton Bloch function. The pair with m = ±1 corresponds to the bright states and m = ±2 corresponds to the dark doublet. Exciton energy spectrum fine structure is determined by the competition of the p-linear spin-orbit terms with the exchange interaction H exch . Figure 1(b) shows the exciton dispersion and splittings of exciton spin states in the case of dominant structure inversion asymmetry with β e = β h = 0, α e , α h = 0. For small momenta, |α c p| δ 0 (c = e, h), the splittings of dark and bright doublets are quadratic in p, an increase of momenta or decrease of δ 0 makes spin splittings p-linear.
The theory of excitonic coherent transport is developed by means of Greens function technique. We assume that the exciton propagates in a weak random short-range potential U (r) characterized by the correlation function U (r 1 )U (r 2 ) = 3 /(M τ )δ(r 1 − r 2 ) where r is the in-plane center of mass coordinate of exciton, τ is the elastic scattering time. In our model the excitons are non-degenerate with the distribution function
Similarly to the Hamiltonian (1) Greens functions are the matrices in the space of four excitonic states |m . We introduce the 16 × 16 propagator matrix P(q) with the elements (c.f. Ref. [35] ):
where the matrix V(p) is given by
]/2, superscripts 1 and 2 refer to the spin operators on the time-reversed trajectories [18] , and the components of pseudovectors Ω e , Ω h are given by Ω c,x = 2α c p 0 sin ϕ p / , Ω c,y = −2α c p 0 cos ϕ p / . The integral over |p| in Eq. 4 is taken using residue theorem making use of the fact that for typical exciton energies E p ∼ k B T , where E p = p 2 /2M is the exciton dispersion, the product E p τ / exceeds unity by far. We further introduce the Cooperon matrix
which describes the interference of excitonic waves propagating in disordered quantum well as a result of coherent backscattering, it represents the sum of "maximally crossed" diagrams [13] [14] [15] . The diffusion coefficient for the non-degenerate exciton gas can be conveniently expressed as
where the first term in the square brackets describes the classical contribution to the diffusion coefficient D cl = k B T τ /M and the second term is the leading order quantum correction
Equations (6) and (8) are derived in the diffusion approximation where the logarithms ln(τ * /τ ) and ln(τ s /τ ) (τ s is the typical spin relaxation time, see below for details) are assumed to be large.
III. RESULTS AND DISCUSSION
Equation (7) shows that the interference contribution to the diffusion coefficient can be calculated for the monoenergetic excitons and then averaged over the distribution function. Qualitatively, this is because the interference processes can be interpreted as a modification of the exciton scattering cross-section at a given defect [16, 24, 37] . Therefore, we focus on the discussion of the quantity W in Eqs. (7), (8) , which controls the interference correction for a fixed value of ε ≡ ε 0 (ε 0 τ / 1). Moreover, for simplicity we assume that the spin splittings for both electrons and holes are dominated by one mechanism only, e.g., α c = 0, β c = 0 [38] . Below we address several limits which demonstrate different regimes of interference of excitons.
It is instructive to start with the limit of absent exchange interaction, δ 0 = 0. Decomposing Eq. (4) in the series in small parameters ql 0 , Ω c τ, τ /τ * 1, substituting P(q) into Eq. (6), then C(q) into Eq. (8) and making standard transformations we arrive at the following logarithmic contributions to the interference amplitude
where τ c = 1/(Ω 2 c τ ) is the spin z component of the electron-in-exciton (c = e) or the hole-in-exciton (c = h) relaxation time,
Equation (9) shows that the sign of interference contribution to the excitonic diffusion coefficient can be positive or negative depending on particular relation between the characteristic times τ * , τ e , τ h . Although in the considered limit the spin states of the electron and the hole are not mixed, δ 0 = 0, the correlation of the electron and hole motion in the exciton does not allow one to reduce the interference effect to the combination of the electron and hole contributions. Only if α e α h = 0, i.e. the spin splitting for one of the carriers is absent, the interference correction to the diffusion coefficient reduces to the twice single-carrier contribution:
(10) Here τ s is the spin relaxation time of the carrier with non-zero spin splitting. In such a case the antilocalization behavior is expected for sufficiently strong spin-orbit splitting: For τ s τ * the interference amplitude W > 0 and it demonstrates non-monotonic behavior with a decrease of τ * (i.e. caused by the temperature increase). This is because a decrease in τ * results, firstly, in the suppression of positive contribution, ∝ ln(τ /τ * ), and only at τ * ∼ τ s the negative contributions in Eq. (10) become suppressed [17, 18] . By contrast, if the spin splittings for the electron and the hole are the same, α e = α h , the interference contribution remains negative and increases monotonously with a decrease in τ * :
Indeed, for α e = α h the exciton spin Hamiltonian can be conveniently expressed as (S · Ω e ) describing interaction of the total spin of the electron and the hole, S = (σ (e) + σ (h) )/2, with an effective momentum-dependent magnetic field. Since formally S = 0 or 1, the phase of an exciton wavefunction acquired while exciton propagates along the close loop amounts to the integer number of 2π and the interference is always constructive. Now we switch to the opposite limit of a very strong exchange interaction δ 0 Ω e , Ω h . In this case bright and dark doublets are well separated in energy and the spin-orbit splittings of the conduction and valence bands can be accounted for by means of second order perturbation theory. The effective spin-Hamiltonians H 1,2 of the doublets have, in agreement with the symmetry arguments [29] , the form
with Ω 1 = − Ω e Ω h /(2δ 0 ) describing the splittings of bright and dark doublets. Note that the form of the bright excitons Hamiltonian H 1 is similar to that of the exciton-polaritons in planar microcavities [16, 43, 44] . Hence, in the limit of strong exchange splitting an interference of doublets is independent and the transport of excitons is provided by two independent channels. For the interference amplitude W we obtain
where
τ is the relaxation rate of zpseudospin component of the bright doublet [16] . The spin splitting of dark states is wavevector independent and is not manifested in the interference contribution, Eq. (13) . One can see that exciton interference results in the weak localization, W < 0. This is because dark states contribute as spin-less particles and the bright states experience effective field which is described by the second angular harmonics of ϕ p (compared with first angular harmonics in the case of electrons or holes). Hence, even if the spin-orbit coupling is sufficiently strong, the phase acquired by the exciton wavefunction while travelling around the closed loop is given by 2π rather then π for electrons [16] . An interplay of single particle spin splittings and exchange interaction in the interference contribution to the exciton diffusion coefficient is illustrated in Fig. 2 . By contrast to the analytical results presented above in Eqs. (9), (10), (11) , and (13) with a logarithmic accuracy, i.e., retaining only the leading terms in ln(τ * /τ ), ln(τ s /τ ), in numerical calculations shown in Fig. 2 the non-logarithmic [cf. Ref. [45] ] terms are also included. To that end, in numerical procedure, we include in Cooperon only contributions due to three and more scattering processes presenting C(q) = P 3 (q)[1 − P(q)] −1 and numerically integrating in Eq. (8) over |q| varying from zero to infinity [46] . In the limit Ω c τ 1, when logarithmic terms are large, the numerical procedure yields results, which are close to the ones given by Eq. (9), compare solid and dashed lines in the inset to Fig. 2(a) . However for the parameters used in the calculation of the curves in the main panels the non-logarithmic contributions [45] are not negligible and affect both the amplitude and the shape of the W curves. The limit of absent exchange interaction, δ 0 = 0, is depicted in Fig. 2(a) for different values of α h and a fixed value of α e . As it was discussed above [see Eqs. (10) and (11)], increasing α h from α h = 0 to α h = α e results at τ * τ e in the transition from weak antilocalization regime (corresponding to a negative slope of the W dependence on τ /τ * ) to weak localization regime (positive slope of a W curve). Note that, in contrast to the similar dependences for electrons [35] , the curves presented in Fig. 2(a) . Increasing the exchange splitting between the bright and dark exciton doublets, in accordance with Eq. (13), results in negative correction to diffusion coefficient for all values of α h . In the limit δ 0 τ / 1 (not shown) all the curves saturate at the value W = 4 ln(τ /τ * ) [see Eq. (13)], which corresponds to the coherent backscattering in four independent transport channels.
IV. CONCLUSION
The theory of interference contribution to the exciton diffusion coefficient in quantum wells has been put forward. An interplay of four spin states arising from ±1/2 electron spin and ±3/2 heavy hole spin has been taken into account. An interplay of the single particle spinorbit splittings and the electron-hole exchange interaction has been shown to result in weak localization or antilocalization of excitons. Particularly, if exchange interaction dominates over the spin splittings or if spin splittings of the electron and the hole are the same, excitons demonstrate weak localization. By contrast, if the main contribution to the exciton energy spectrum is provided by one of the charge carriers, the coherent backscattering results in the destructive interference of excitons and their weak antilocalization takes place. The interference effects can be accessed by the transport experiments similar to those in Refs. [7, 8, 11, 12] . The magnitude of the interference contribution is sensitive to the temperature via the coherence time τ * and the distribution function of excitons, and to the magnetic field which affects exciton interference due to flux of the field "passing through" the exciton [23] . The sensitivity of the interference contribution to the exciton diffusion coefficient to the spin-orbit splittings and the electron-hole exchange interaction may be also useful to study the Berry phase effects in excitonic transport [47] .
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